Introduction
Diverse microstructures made by inorganic nanocrystals have emerge regularly over the past years. [1] [2] [3] These microstructures have demonstrable importance due to their collective optical, electronic, and plasmonic properties, as well as many other important applications. 3 However, up to now, tremendous efforts have been focused on the development of large-area, 2-dimensional or 3-dimensional self-assembly superlattices.
4-7
Few studies have dealt with localized-area but distinctive structures in the general self-assemblies. Vortical superlattices are one of these interesting microstructures, and they have been continuously observed in many self-assembly processes. For example, vortexes were found in the assembly of the tobacco mosaic virus, 8 vortexes around singularities were found in a BaCrO 4 nanorods' assembly, 9 CdSe nanorods with a disclination strength of +1 were observed under a polarizing optical microscope 10 and transmission electron microscope; 11 also, a swirling cluster was also observed in a gold nanorods' self-assembly, 12 and so on. 13, 14 In this paper, we focus on the vortical self-assembly superlattices formed by gold nanorods. Three kinds of new vortical morphologies are observed, they are le-hand, radial, and right-hand vortical superlattices, respectively. The formation mechanism of these vortices is claried based on dynamic microscopic ow processes. The vortical results may suggest a likely strategy based on the liquid crystal template 5, 6 or the microuidic droplet to form and control the morphology of the ultimate self-assembled superstructure. In addition, potential optical properties of the vortical assemblies are simulated using a 3-dimensional nite-difference timedomain (FDTD) approach, and nanofocusing and polarized light response are discussed.
Experimental section

A. Synthesis of the gold nanorods
GNRs were synthesized according to a modied seed-mediated growth method. 15 The nanorods with the narrowest size-distribution (length of 59.5 AE 6.7, diameter of 17.0 AE 1.8 and aspect ratio of 3.5 AE 0.4) were used. The as-prepared GNRs were stabilized by the surfactant cetyltrimethylammonium bromide (CTAB) in an aqueous dispersion.
B. Preparation of the vortical superlattices
A carbon-coated copper grid and silicon wafer were used as the substrates. 260 mesh carbon-coated copper grids were rst xed by a lab-used vacuum belt onto the clean silicon wafers. 15 mL of the concentrated GNRs solution under the optimized selfassembly conditions of the GNRs concentration of $33 nM and the CTAB concentration of $2.5 mM, 7, 16 was pipetted onto the silicon wafer to cover the carbon-coated copper grids completely. The aqueous solvent was evaporated using an articial climate chamber (STIK, CTHI-150B2) to guarantee a stable and controllable temperature and humidity. Drying of the colloidal solution led to the formation of the GNRs assemblies on the grids. The grids were nally detached from the silicon wafers and observed by transmission electron microscopy (TEM).
C. Sample characterization
TEM, scanning-TEM and energy-dispersive X-ray analysis (EDX) were performed on Tecnai F20 U-TWIN and Tecnai T20 S-TWIN microscopes. SEM was performed on a Hitachi S-4800 microscope. Optical properties were examined using FDTD simulation with an absorption boundary condition. The wavelength of incident light used was 500 nm, close to the transverse absorption band of the nanorods (about 512 nm), the relative permittivity of the gold nanorod used was À2.55 + 3.37j. The vortical structure layout was built according to the actual structures: a central rod stood 90 perpendicular to the substrate, the nearest-neighbour rods tilted 5 respectively along the tangential direction, the next-nearest-neighbour rods tilted 10 , and so forth. The vortical models were composed of 61 nanorods with length of 64 nm, diameter of 21 nm and separation of 3 nm. The incident light was a radially-polarized and circularly-polarized wave, respectively.
Results and discussion
Fig . 1 shows the vortical superlattices of the GNRs. Right-hand ( Fig. 1(a) ) and le-hand ( Fig. 1(c) ) structures are presented for the rst time, reecting the potentially chiral feature of the localized self-assemblies. Fig. 1 (b) shows the result of the selfassembly with a distinguishable centre without an obvious rotational feature. Such a morphology is regarded as a transitional vortical superlattice, and termed as the radial vortex. The three patterns represent the basic self-assembly vortices observed in the TEM samples, which were prepared by a controlled droplet evaporation method. 7 In order to make clear the structural characteristics of the vortex, we carried out highcontrast scanning TEM experiments as shown in Fig. 1(d) . It can be seen clearly that the vortex is composed of two sets of different structures. In the yellow area the structures are mainly the nematic assembly of the GNRs, 17 where the rods are aligned end-to-end and eclipse each other. In contrast, the remaining area in the vortex showed mainly the smectic assembly of GNRs, where the rods aligned like crystals, and eclipsed their nearest four rods as shown in the bottom inset in Fig. 1(d) , where the bright areas are the eclipsed parts. Such a lattice structure forms a spontaneously-ordered nanoscale porosity, in which the pore size is about 7 nm smaller than the synthetic limits of metallic mesoporous materials.
18 From the Fourier transform of the whole vortex area, the superlattice presents a hexagonal symmetry ( Fig. 1(d) , top inset), suggesting that the organised self-assembly structure should be formed in the solution prior to the formation of vortical morphologies on the carbon thinlm, because the hexagonal alignment in the CTAB-capped nanorods self-assemblies is the most stable structure. 17, 19, 20 The role of CTAB here is to supply the main driving forces for the close-packed self-assembly. Specically, the CTA + bilayer capped on the GNRs surface by electrostatic interaction guarantees enough repulsive force against the van der Waals attraction among the rods. Thus, the as-prepared GNRs are dispersed in the aqueous solution. With the evaporation of the droplet during the preparation process of the superlattices, both the GNRs concentration and CTAB concentration are raised gradually, and eventually reach the critical concentration of the organised self-assembly process. Because CTAB micelles formed under a high CTAB concentration will produce additional depletion attraction, which breaks the balance between the electrostatic force and van der Waals force, this nally induces and enhances the self-assembly process. Such a process has been conrmed by UV-vis absorption spectrum as reported in our work previously, 7 where the assembly obviously occurs when the CTAB concentration reaches higher than 0.4 M, and the assembly process intensies gradually with the increase of the CTAB concentration. The self-assembly conditions here are the same as the previous conditions. The large-area selfassembly of a GNRs monolayer on the TEM grid is therefore formed during such a process. Fig. 1(e) further shows the elemental composition of the self-assembled vortex obtained by EDX measurements. The elements of C, O, and Br disperse evenly on the surface of element Au, indicating there is an isolation layer of the stabilizer CTAB among the rods, and also suggesting that the CTAB is important in the self-assembly process. The separation between the bare GNRs is measured to be about 3 nm on average. Fig. 1(f) shows that two mirrored vortices can be formed simultaneously in one assembly area, reecting the interplay between the adjacent vortices in their formation process. From the dashed boxes, a full vortex has area of about 0.25 mm 2 generally. The effect of substrates on the vortices is also investigated, the results show that the vortices can be obtained also on a silicon surface, not only on the carbon lm, as shown in Fig. 2(a) .
To understand the mechanism underlying the formation of the vortex, more experimental results are provided as shown in Fig. 2 . The previous reports oen attributed similar structures to the disclination of strength +1 or +1/2 in a nematic liquidcrystalline phase. [9] [10] [11] This can be supported partially in our experiments as shown in Fig. 2(b) and (c) . Nonetheless, the origin of the vortices with mirrored features cannot be explained from that viewpoint; here we propose a new explanation from a point of microscopic ow. Local ows inside the solvent are oen induced by spatially nonuniform temperature gradients, local concentrations, or unsymmetrical regions over the gird. As the solvent layer becomes thin during the droplet drying process, the intensity of the microows would become signicant at the bottom of the droplet. 21, 22 Considering this argument and the weak interactions between the GNRs and substrate, the forces produced by the microows can be enough to change the morphology of the self-assemblies. As shown in Fig. 2(d) and 1(f) , the observed mirrored twin-vortice superlattices are a typical evidence of this explanation. Furthermore, the self-assembly of the GNRs is affected by two main factors. One is the Stokes drag force produced by the solvent microows, which drags the sub-stable GNRs along the ows. Another is the vortical ow produced by the inhomogeneity of the ow velocity. Specically, considering a central ow moves faster than its two side ows, a spontaneous vortical ow can form on both sides of the central ow when reaching a free end 13 or meeting a barrier. Under the action of the ow eld, the vortical superlattices are induced to form. In addition, the ow eld can be formed in several patterns, therefore, it is to be expected that diverse vortical superlattices are formed as observed in Fig. 1  and 2 . Here, it should be mentioned that the radial vortex and the concentric vortex ( Fig. 1(b) and 2(b) ) are found to be observed rarely; the cause may be that the relatively symmetric vortex ows or absolutely static ow in the solution are hard to form even in a near equilibrium environment. Also, due to random distribution of the ow elds and various defects, the morphology and formation position of the vortices are also random and appear with an equal probability or chance. Besides the vortex superlattices, Fig. 2(e) and (f) also show the obtained superlattices with different orientations and arranging modes (smectic in Fig. 2(e) , nematic in Fig. 2(f) ), which reect the effect of probable unidirectional microows in the evaporating droplet and support further our explanation of the microow mechanism.
The spatial electromagnetic eld intensity enhanced by the surface plasmon effect of the vortex were analysed by FDTD simulation. Radially polarized and circularly polarized lights were used to excite the optical response. 23, 24 A calculation model taking a monolayer vortex as an example is shown in Fig. 3(a) , where light propagates from top to bottom and the origin of coordinates (z ¼ 0) is located in the centre of the central rod. The simulation results under an illumination of right-hand, radially and le-hand polarized light are shown in Fig. 3(b)-(j) , respectively. It is easily seen from Fig. 3(b)-(d) that the structural feature response at z ¼ 0 corresponding to the illumination of radially-polarized light is the most obvious. More interestingly, the spatial eld intensity at z ¼ À40 nm below the model bottom of 8 nm shows some hot spots similar to 'light needles' as shown in Fig. 3(e)-(g) . For the radially polarized light illumination, each rod's site produces a focused spot and the closer to the structure centre the stronger the light intensity; that is, the energy is concentrated gradually from the edge to the centre, showing a hierarchical, nanoscale focusing effect. The effect may originate from the constructive interference of the excited surface plasmon along the rods' surfaces when they pass through the vortex. According to the literature, 25-27 such a feature maybe useful in detecting or diagnosing certain small biological units, even in treating skin lesions using the localized heating effect. For the circularly polarized incident light, as shown in Fig. 3(e) and (g), the eld intensity at the edge of the vortical structures is obviously enhanced and presents a stationary handedness, i.e., a le-hand property in Fig. 3(e) and right-hand property in Fig. 3(g) , indicating that the vortices are responsive to the illumination of different circular polarized lights. The cause should be due to the constructive interference and the edge effects. 28 The asymmetry of the intensity distributions between Fig. 3(e) and (g) may result from the asymmetry of the studied model itself. As a comparative model, the eld intensity of a le-hand vortex model can show exactly reectional symmetry with the aforesaid right-hand vortex model. It should be noted that the eld enhancement is not very strong due to the too small vortical structure size (only sub-micron in diameter), but we believe that a larger vortex would have larger eld enhancement, although we cannot yet obtain the larger vortex so far. To certify this prediction, a larger model composed of 217 nanorods was built for further simulation. Fig. 3 (h)-(j) shows the simulated results for the larger vortical model, where the size of the vortical model is twice that of the initial model. The focusing effect shown in Fig. 3(i) is obviously increased as expected, and the same expectation is also veried in the handedness response on the edges shown in Fig. 3(h) and (j) . These responses should originate from the average effect of multiple superpositions and the interference of the incident light. It is concluded that if the size of actual vortical superlattices can be further increased by self-assembly experiment, the interesting vortical assembly structures will not only be able to solve practical problems, but also can realize various characterizations of optical properties.
Conclusions
The vortical GNRs superlattices with le-hand, radial, and righthand features were assembled successfully and characterized by TEM, STEM and EDX. Arrays with alternative nematic and smectic phases were found in the superlattices. Upon analyzing the formation mechanism, we proposed that the drag force induced by solvent ow and the spontaneous vortex ow in the solution are the main causes for the formation of the vortical superlattices, implying that the microuidic droplet may be a feasible strategy to form and control the morphology of the ultimate self-assembled superstructure. By FDTD simulations, the vortices present hierarchical, nanoscale focusing effects and are responsive to illumination by different circularly polarized lights, which may make them useful in future photothermal or optical components. The eld intensity of the vortices can be enhanced by surface plasmon of the GNRs, and can be increased with an increase in the superlattices' size. This is benecial for the realization of applications based on the vortical superlattices.
